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Dysregulation of renal sodium and water transport proteins in the onset and progression of diabetic nephropathy have
diabetic Zucker rats. been fairly well characterized [3–12]. Early in the course,
Background. Diabetic nephropathy is commonly associated renal afferent arterial dilation, possibly due to increasedwith renal salt and water retention and hypertension. The mo-
nitric oxide [3, 5, 6, 9] or prostaglandin production [4, 7],lecular mechanisms involved and how the kidney responds to
this volume expansion, in terms of renal transporter regulation, results in increased renal blood flow, glomerular filtra-
are not understood. tion rate (GFR), and thus, increased glomerular filtration
Methods. Targeted proteomics employing semiquantitative pressure and eventually glomerulosclerosis and protein-immunoblotting were used to investigate regulation of abun-
uria [1, 2, 8]. As the disease progresses and glomerulo-dance of the primary salt and water transport proteins of the
kidney, in 6-month-old lean and obese Zucker rats, a model sclerosis worsens, GFR usually falls in conjunction with a
for Type II diabetes. decline in the ultrafiltration coefficient (Kf), due to dam-
Results. Obese rats were significantly heavier, had larger kid- age to the glomerulus [11]. This fall in GFR may partiallyneys, increased plasma creatinine and glucose levels and ele-
account for the rise in blood pressure, at this point, be-vated blood pressures. Furthermore, they had a marked de-
crease in abundance of many pre-macula densa renal sodium cause dietary sodium cannot be effectively eliminated in
transporters. Mean band densities (% lean) were: in cortex, the urine. About 80% of newly diagnosed type II diabet-
sodium phosphate cotransporter (NaPi-2), 68%, and sodium ics already have elevated blood pressure [12]. This ishydrogen exchanger (NHE3), 66%; and in outer medulla,
likely to be both a cause and an effect of the nephropathy.NHE3, 39%, and the bumetanide-sensitive Na-K-2Cl cotrans-
porter (NKCC2), 37%. Collecting duct proteins also were mark- Nevertheless, in patients with established diabetic ne-
edly reduced. In inner medulla, aquaporins-2, -3, and -4 were phropathy, hypertension is the most important factor
reduced to, 46, 48, and 46%, respectively, and the apical urea that promotes progression of the disorder [12].transporter, UTA1 to 52%. In contrast, post-macula densa
Renal dysregulation of salt and water excretion ap-sodium transporters were less affected. The thiazide-sensitive
pears to be fundamental in the maintenance or develop-Na-Cl cotransporter (NCC) was 106% and the - - and -sub-
units of the epithelial sodium channel (ENaC), 54, 121, and ment of elevated blood pressure [13]. This is generally
84% of lean, respectively. true because pressure natriuretic mechanisms in the kid-
Conclusions. In obese rats, selective decreases for pre-mac-
ney will normally be activated when blood pressure rises,ula densa sodium transporters may reflect decreased glomeru-
in order to eliminate extra sodium and bring blood pres-lar filtration rate and glomerulotubular balance. This poten-
tially could reduce blood pressure by decreasing proximal sure back to normal. However, these protective mecha-
tubule sodium reabsorption. nisms may not be fully functional or effective in the dia-
betic kidney, due to multiple mechanisms that impact
on blood pressure. One mechanism through which the kid-Renal function declines rapidly into end-stage renal
ney regulates sodium reabsorption and excretion is viadisease in uncontrolled diabetes mellitus [1, 2]. Hemody-
the regulation of the protein abundance of critical renalnamic and other physiological changes that occur during
sodium transporters and channels [14–16]. Because there
is apparent dysregulation of sodium and water balance
Key words: diabetic nephropathy, insulin, hypertension, Na,K-ATPase,
in diabetic humans and animals, we hypothesized thatNa-Cl cotransporter, epithelial sodium channel, aquaporin, Na-K-2Cl
cotransporter, sodium transport. there might be an accompanying change in the regulation
of salt and water transporter abundance that is either
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of type II diabetes, the obese Zucker rat. The obese osmolality (freezing point depression, Advanced Osmo-
Zucker rat (fa/fa) is a well-characterized strain of rats meter, Model 3D3; Advanced Instruments Inc., Nor-
with a mutation in the gene for the leptin receptor that wood, MA, USA), creatinine (Jaffe rate method; Creati-
leads to hyperphagia and obesity [17–19]. These rats nine Analyzer 2; Beckman Diagnostic Systems Group,
become hyperinsulinemic at an early age and they are Brea, CA, USA), sodium (ion selective electrode system,
in general hypertensive. With advanced age and obesity, EL-ISE Electrolyte System; Beckman Instruments Inc.),
they become diabetic. and nitrites and nitrates (NOx) (Griess reaction; colori-
Recently, many of the cDNAs for the critical renal metric kit #780001; Cayman Chemical Company, Ann
salt and water transport proteins have been cloned. This Arbor, MI, USA).
has enabled the production of a variety of specific anti- Rats were euthanized by decapitation and trunk blood
bodies against these proteins for use in immunoblotting was collected into both heparinized and K3EDTA con-
and immunohistochemical studies [15, 16, 20–30]. This taining tubes (Vacutainer; Becton Dickinson and Com-
ensemble of antibodies has allowed the development of pany, Franklin Lakes, NJ, USA). Blood was centrifuged
a so-called ‘targeted proteomics’ approach to the analy- at 3000 rpm (Sorvall RT 6000 D; Sorvall, Newtown, CT,
sis of renal adaptation [31]. This approach profiles the USA) and plasma separated. Heparinized plasma was
entire renal tubule with regard to changes in salt and used to assess glucose concentrations (clinical chemistry
water transporters and channels in response to specific analyzer, Spectrum; Abbott Laboratories, Dallas, TX,
systemic physiological perturbations. Here, this trans- USA), aldosterone, (RIA kit; Diagnostic Products Cor-
porter-profiling approach was used to investigate changes poration, Los Angeles, CA, USA), corticosterone (RIA
in renal salt and water transporters during early diabetic kit; Diagnostic Products Corporation), vasopressin (RIA
nephropathy. Although much work has already been assay with our own anti-vasopressin antibody) [32], os-
accomplished examining the regulation of these proteins molality, and sodium. K3EDTA plasma was used to mea-
at the physiological level, with these new tools available, sure insulin (RIA kit; LINCO Research, Inc., St. Charles,
we can now better investigate regulation at the molecular MO, USA), creatinine (Creatinine Analyzer 2), and NOx
level. Determining how these critical salt and water (Cayman Chemical Company).
transporters are regulated in Type II diabetes is essential
to our understanding of what we can expect in so far as Kidney sample preparation, blotting, and
salt and water balance is concerned, and more impor- primary antibodies
tantly, may allow us to predict and possibly treat, dimin- Both kidneys were rapidly removed and the whole left
ish, or reverse the progression of nephropathy associated kidney and outer medulla, inner medulla and cortex of
with diabetes.
the right kidney were each prepared for immunoblotting
according to previously published protocols [14, 33].
METHODS Likewise, semiquantitative immunoblotting techniques
were the same as previously described [14, 33]. Figure 1Animals and study design
shows the tubule location of the major renal salt andSix lean and six obese, male Zucker rats were obtained
water transporters and channels evaluated. Immunoblots(Charles River Laboratories, Wilmington, MA, USA) at
prepared from the cortex homogenates were probed withsix weeks of age. Rats were given ad libitum access to
antibodies against transporters expressed in the proximalstandard commercial rat chow and water during the en-
tubule including (1) the sodium-phosphate cotransportertire study. Systolic blood pressures were measured by tail
type 2 (NaPi2) [26], (2) the sodium-hydrogen exchangercuff (Manual Tail Electro-sphygmomanometer, PE-300;
type 3 (NHE3) [23, 24], (3) the -1 subunit of Na,K-Narco BioSystems, Inc., Houston, TX, USA) on rats at
ATPase (cat # 074-1806; Upstate Biotechnology, Lake3, 5, and 6 months of age. Rats were housed three per
Placid, NY, USA), and (4) the water channel protein,cage except during collection of a 48-hour basal urine,
aquaporin 1 (AQP1) [30]. Immunoblots prepared fromwhich was performed in the week before sacrifice. Dur-
outer medullary homogenates were probed with anti-ing that time, rats were housed singly in Nalgene meta-
bodies against transporters expressed in the thick as-bolic cages (Harvard Apparatus, Holliston, MA, USA).
cending limb including: (1) the bumetanide-sensitiveAll animals were maintained at all times under condi-
Na-K-2Cl cotransporter, NKCC2 or BSC1 [22, 25], (2)tions and protocols approved by the Georgetown Uni-
NHE3, (3) -Na,K-ATPase, and (4) the renal outer med-versity Animal Care and Use Committee, an AALAC
ullary potassium channel Kir1.1 or ROMK [20]. Relative(American Association for Accreditation of Laboratory
abundances of post-macula densa sodium transportersAnimal Care) approved facility.
were assessed by probing whole kidney homogenates
Urine and plasma measurements with antibodies against one of the following proteins: (1)
the thiazide-sensitive Na-Cl cotransporter, NCC or TSCTotal urine was collected during a 48-hour-period one
week prior to sacrifice, and was analyzed for volume, [15], and the (2) -, (3) -, or (4) -subunit of the epithe-
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Fig. 2. Systolic blood pressure, as measured by tail-cuff, in Zucker rats
at 3, 5, and 6 months of age. Symbols are () lean; () obese. *Blood
pressure was significantly elevated in obese rats, relative to their lean
age-mates, at six months of age, (unpaired t test, P  0.05).
Table 1. Plasma parameters
Parameter Lean Obese
Insulin nmol/L 0.370.07 1.410.40a
Aldosterone nmol/L 0.170.03 0.240.16
Vasopressin pmol/L 2.141.81 0.960.46Fig. 1. Location of major renal salt and water transporters and channels
Corticosterone mmol/L 0.480.04 0.630.09expressed along the renal tubule.
Creatinine lmol/L 652 1045a
Glucose mmol/L 7.70.5 10.70.9a
NOx lmol/L 7.50.9 12.12.3
Sodium mmol/L 1587 14510
lial sodium channel, ENaC [16]. Finally, inner medullary Data are presented as mean  SEM, N  6/group for all comparisons.
a Significantly different from lean rats’ mean as assessed by unpaired t testhomogenates were probed with antibodies against pro-
or Mann-Whitney Rank Sum Test (when data were not normally distributed),
teins expressed in the collecting duct including: (1) AQP2 P  0.05
[27], (2) AQP3 [21], (3) AQP4 [29], and (4) the vasopres-
sin-regulated urea transporter, UTA1 [28].
fice (Fig. 2). Furthermore, there was a dramatic rise inStatistics
blood pressure in the obese rats between five and six
Relative intensities of the resulting immunoblot band
months of age. In the obese group of rats, mean blood
densities were determined by laser scanning of x-ray pressure increased by 7% between three and five months
film followed by densitometry as previously described of age, and an additional 17% between the ages of five
[14, 33]. To assess effect of rat type, all data were ana- and six months.
lyzed by unpaired t test when data were normally distrib-
uted and standard deviations were the same, otherwise Physiological parameters
by Mann-Whitney Rank Sum Test (Sigma Stat, Chicago, Table 1 is a summary of plasma parameters measured.
IL, USA). Analysis of correlation of immunoblot densi- There was little difference in plasma hormone levels
tometry data with plasma creatinine was performed by except for insulin, which was markedly higher (3.8-fold)
the Pearson Product Moment Correlation Test using in the obese rats. Creatinine levels in the plasma were
Sigma Stat. P  0.05 was considered statistically signifi- also significantly higher, most likely reflecting, on aver-
cant for all tests. age, a decrease in glomerular filtration rate (GFR). Fur-
thermore, plasma glucose levels were significantly higher
in the obese rats, indicating the onset of diabetes. PlasmaRESULTS
NOx or sodium levels were not significantly different
Blood pressure between the lean and obese rats.
Systolic blood pressure, as assessed by tail cuff, was Table 2 summarizes rat body weights and factors relat-
ing to renal function. As expected, obese rats were sig-significantly higher in the obese rats at the time of sacri-
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Table 2. Renal function
Urine/general parameters Lean Obese
Final body weight g 45515 72935a
Kidney weight g 1.510.02 2.250.18a
Kidney weight g/kg · body wt 3.330.11 3.140.34
Urine volume mL/day 192 394a
Urine volume mL/day/kg · body wt 426 547
Urine osmolality Osm/kg water 1.540.24 1.370.60
Free water reabsorptionb
lL/min/kg · body wt 11311 11914
Urine creatinine lmol/day 17517 23417a
Urine creatinine lmol/day/kg · body wt 38941 32425
Creatinine clearance L/day 2.690.21 2.420.32
Creatinine clearance L/day/kg · body wt 5.950.49 3.410.55a
Fractional excretion sodiumc % 0.440.07 1.260.06a
Urine NOx lmol/day 6.60.8 14.61.7a
Urine NOx lmol/day/kg · body wt 14.82.3 20.32.6
Data are mean  SEM, N  6/group for all comparisons.
a Significantly different from lean rats’ mean as assessed by unpaired t test
or Mann-Whitney Rank Sum Test (when data were not normally distributed),
P  0.05
b Solute-free water reabsorption (TcH2O)  V * [(UOsm/POsm)  1]
c Fractional excretion of sodium (FENa)  [(UNa/PNa)]/[(UCr/PCr)]
nificantly heavier than their lean age-mates. Basal urine
volume and kidney weight were significantly higher in
the obese rats relative to their lean age-mates. However,
these differences were not significant when corrected for
body weight. Basal urinary osmolality and solute-free
water reabsorption (TcH2O) were not different between
obese and lean rats, indicating that, at least in basal
conditions, obese rats were able to adequately concen-
trate their urine. Excretion of urinary creatinine, how-
ever, was greater in obese rats, indicative of greater mus-
cle mass. However, no difference between the groups
was noted for urinary creatinine when corrected for rat
body weight. Mean creatinine clearance was significantly Fig. 3. Average kidney wet weight (right and left kidney; A) and creati-
nine clearance (B) in lean and obese Zucker rats at six months of age;lower in the obese rats when expressed on a rat weight
each rat plotted individually. Symbols are: () rat 1; () rat 2; () rat
basis, reflecting primarily increased plasma creatinine 3; () rat 4; () rat 5; () rat 6. The average kidney weight was
significantly greater in obese rats (P  0.05; Table 1). No significantlevels and thus, decreased GFR. Fractional excretion of
difference was found for creatinine clearance (Table 1). In both cases,sodium was over 2.5-fold greater in the obese rats relative
obese rats showed more heterogeneity.
to their lean age mates. Urinary nitrates plus nitrites
(NOx) excretion also was significantly greater in the
obese rats, but not statistically different when corrected
for body weight. kept in mind when examining the subsequent immuno-
To emphasize the increased heterogeneity of the obese blotting data.
rats, the absolute kidney wet weights and creatinine
Apical sodium transporters in kidney cortexclearances for individual rats are plotted in Figure 3. The
mean kidney weight for lean and obese rats was 1.51 g Immunoblotting of kidney cortex homogenates was
and 2.25 g, respectively (Table 2). Increased variability used to assess the relative abundance of sodium and
was likely due to diabetic renal hypertrophy developing water transporters in the proximal tubule, since the cor-
at different rates in different animals. Figure 3B shows tex contains the greatest density of proximal tubules.
the creatinine clearances, as an index of GFR, calculated Figure 4 displays representative immunoblots. A differ-
on these same rats. Note that rat #1 of the obese group ent rat’s sample was loaded in each lane (6 lean and 6
had the lowest kidney weight and the highest creatinine obese) and the same amount of total protein was loaded
clearance, most likely indicative of an earlier stage and in each lane. “Loading gel” controls were run to check
the accuracy of the protein measurements and loadinglesser degree of diabetic nephropathy. This should be
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Fig. 4. Representative immunoblots (A–D)
and summary of immunoblot data (E) for prox-
imal tubule sodium and water transporters and
channels. *Significant difference as compared
to the lean rats (P 0.05, unpaired t test). For
each blot, each lane was loaded with cortex ho-
mogenate from a different rat. Equal amounts
of protein were loaded in all lanes. Immuno-
blots were probed with (A) anti-NaPi-2 [26],
(B) anti-NHE3 [23, 24], (C) anti--Na,K-
ATPase, or (D) anti-AQP1 [30] antibodies.
Mean band densities for the major bands asso-
ciated with NaPi-2 and NHE3 were signifi-
cantly reduced in obese rats, relative to lean.
No significant differences were found for
-Na,K-ATPase and AQP1.
before running immunoblots, as previously described dance(s) in the thick ascending limb (Fig. 5). Similar to
[14, 33]. Also, the rats’ samples were loaded in the order the proximal tubule, the apically-located sodium trans-
indicated on the figure. The immunoblots were probed port proteins, NKCC2 and NHE3, were markedly de-
with anti-NaPi2 (Fig. 4A), anti-NHE3 (Fig. 4B), anti- creased in the obese rats relative to their lean age-mates
-Na,K-ATPase (Fig. 4C), or anti-AQP1 (Fig. 4D) anti- (Fig. 5 A, B, E). Likewise, -Na,K-ATPase was not dif-
bodies. Figure 4E is a densitometry summary of the ferent between the lean and obese rats in the outer me-
immunoblotting data from the obese rats relative to their dulla (Fig. 5 C, E). There was also a significant reduction
lean controls. There was a marked decrease in the rela- in band density for the specific band (47 kD) associated
tive abundance of the apically-located sodium transport- with the apical potassium channel ROMK in the obese
ers, NaPi2 and NHE3. The apparent decrease in the rats (Fig. 5 D, E; the specificity of the 80 kD band appar-
abundance of the water channel, AQP1, was not statisti- ent on the ROMK blots is still under study [20]).
cally significant (P  0.067). Furthermore, the basolat-
eral -1 subunit of Na,K-ATPase was not different in Post-macula densa sodium transporters
abundance between the two groups, indicating that there
Regulation of post-macula densa sodium transport iswas not just a generalized decrease in all tubule trans-
considered to be essential in the fine-tuning of overallporter proteins. Note that obese rats #2 and 4, which
sodium balance. Figure 6 A–D shows representative im-had the greatest degree of kidney enlargement, also had
munoblots loaded with whole kidney homogenate sam-the greatest reduction in relative abundance.
ples probed with antibodies against the post-macula de-
Thick ascending limb salt transporters nsa sodium transport proteins. Unlike the pre-macula
densa transporters, the apically located thiazide-sensitiveThe kidney outer medullary homogenates were used
to assess relative differences in salt transporter abun- Na-Cl transporter, NCC, was not reduced in abundance
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Fig. 5. Representative immunoblots (A–D)
and summary of immunoblot data (E) for thick
ascending limb salt transporters and channels.
*Significant difference as compared to the
lean rats (P  0.05, unpaired t test). For each
blot, each lane was loaded with outer medul-
lary homogenate from a different rat. Equal
amounts of protein were loaded in all lanes.
Immunoblots were probed with (A) anti-
NKCC2 [22, 25], (B) anti-NHE3 [23, 24], (C)
anti--Na,K-ATPase, or (D) anti-ROMK [20]
antibodies. Mean band densities for the major
bands associated with NKCC2, NHE3, and
ROMK were significantly reduced in obese
rats, relative to lean. No significant difference
was found for -Na,K-ATPase.
in the obese rats (Fig. 6 A, E). Similarly the - and correlates the densitometry values from the immuno-
-subunits of ENaC were not reduced (Fig. 6 C, D, E). blots for all transporters to plasma creatinine (as an index
However, like the earlier transporters, the -subunit of of glomerular filtration). In this way we evaluated renal
the epithelial sodium channel was significantly reduced transporter abundance as a function of degree of renal
in relative abundance (Fig. 6 B, E). failure, that is, higher levels of plasma creatinine would
be related to a greater degree of renal insufficiency, or
Collecting duct transporters
likely a decline in glomerular filtration rate. Several pro-
Finally, we assessed the relative abundance of the criti- teins showed a marked negative correlation of abun-
cal collecting duct proteins in the inner medullary ho- dance with plasma creatinine levels, especially proteins
mogenates (Fig. 7). These proteins are key in the regula- expressed in the collecting duct where this relationship
tion of water and urea reabsorption and excretion. All was strongest (Fig. 7D). In the cortex homogenates (pri-
of the channels and transporters assessed were markedly
marily proximal tubule proteins), correlation coefficientsreduced, with densitometry on average around 50% of
and P values were as follows: NaPi-2,0.708, P 0.010;that for the lean controls (Fig. 7E). However, the differ-
NHE3,0.675, P 0.016; AQP1,0.642, P 0.024; andence was not quite significant for AQP3 because of the
-Na,K-ATPase, 0.301, P 0.34. In the outer medullaryhigh degree of heterogeneity in the obese rats.
homogenates (primarily thick ascending limb proteins),
Correlation of plasma creatinine with these values were: NKCC2, 0.691, P  0.013; ROMK,
transporter abundance 0.58, P  0.048; NHE3, 0.562, P  0.057; and -Na,
K-ATPase, 0.44, P  0.15. For post-macula densa so-Because of the high degree of heterogeneity in relative
hypertrophy for the kidneys of the obese rats, Figure 8 dium transporters, these values were: NCC, 0.0377, P 
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Fig. 6. Representative immunoblots (A–D)
and summary of immunoblot data (E) for post-
macula densa sodium transporters and chan-
nels. *Significant difference as compared to
the lean rats (P  0.05, unpaired t test). For
each blot, each lane was loaded with whole kid-
ney homogenate from a different rat. Equal
amounts of protein were loaded in all lanes.
Immunoblots were probed with (A) anti-NCC
[15], (B) anti--ENaC [16], (C) anti--ENaC,
or (D) [16] anti--ENaC [16] antibodies. Mean
band density for the major band associated
with -ENaC, was significantly reduced in
obese rats, relative to lean. No significant dif-
ferences were found for the other proteins.
0.907; -ENaC,0.626, P 0.030; -ENaC, 0.0568, P weight increased on average nearly 50% (Table 2). There-
0.86; -ENaC, 0.314, P  0.32; and in the collecting fore, some of the increase in weight was likely non-protein
duct, AQP2, 0.764, P  0.004; AQP3, 0.698, P  in nature. With corrections for hypertrophy, our findings
0.011; AQP4, 0.675, P  0.016; and UTA1, 0.701, remained essentially unchanged. However, in the cortex,
P  0.011. the decrease in NHE3 in the obese rats was no longer
significant. In the outer medulla, the decreases in NKCC2
Correction for hypertrophy and NHE3 remained highly significantly. With regard to
In the obese rats, hypertrophy may have confounded the post-macula densa sodium transporters, in the obese
our interpretation of these results, since the immunoblots rats -ENaC became significantly increased in abundance;
were set up by loading an equal amount of total protein however, -ENaC remained significantly decreased. Fi-
in each lane. Thus, with enlarged kidneys, the absolute nally, the collecting duct transporters and channels re-
amount of any of these proteins would be greater in the mained significantly decreased.
obese rats. Thus, we also calculated the absolute protein
abundance for each transporter by multiplying the total
DISCUSSIONprotein (in mg) times the densitometry values (Table 3).
This report provides, to our knowledge, the first com-This assumes linearity of densitometry within the loading
prehensive profile of how the abundances of major saltrange we have used, and was previously confirmed (un-
and water transporting proteins of the renal tubule arepublished data). The amount of protein in the kidneys
regulated during the early stages of diabetic nephropathyfrom the obese rats was on average about 20% greater
in a rat model of insulin resistance progressing to diabe-than that for the lean rats, throughout all regions of the
kidney (correction factors on table), whereas kidney tes. Essentially we find that proximal tubule and thick
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Fig. 7. Representative immunoblots (A–D)
and summary of immunoblot data (E ) for wa-
ter and urea channels and transporters. *Sig-
nificant difference as compared to the lean
rats, (P 0.05, unpaired t test). For each blot,
each was lane loaded with inner medullary ho-
mogenates from a different rat. Equal amounts
of protein were loaded in all lanes. Immu-
noblots were probed with (A) anti-AQP2 [27],
(B) anti-AQP3 [21], (C) anti-AQP4 [29], or
(D) anti-UTA1 [28] antibodies. Mean band
densities for the major bands associated with
AQP2, AQP4, and UTA1 were significantly
reduced in obese rats, relative to lean. No sig-
nificant difference was found for AQP3.
ascending limb apical sodium transporters are substan- plasma creatinine levels in our obese rats suggest that
GFR was, indeed, beginning to fall (Table 1). Down-tially decreased in the obese, diabetic Zucker rats rela-
tive to their lean age-mates. Similarly, in the obese rats regulation of the abundance of renal tubule apical salt
and water transport proteins, which are often rate-lim-there are substantial decreases in the relative abundance
of the primary apical and basolateral water and urea iting for transport [35], could be the molecular means
through which this is accomplished. This would be pre-transporting proteins of the collecting duct, that is, the
aquaporins-2 to -4 and the vasopressin-regulated urea dicted to ameliorate fluid retention and the developing
hypertension, as sodium load to the distal tubule wouldtransporter (UTA-1). In contrast, a lesser degree of
change is found in the relative abundance of the sodium be maintained, and with low circulating aldosterone lev-
els, sodium would not be reabsorbed at those sites. Intransporters of the post-macula densa region of the tu-
bule, that is, the distal convoluted tubule through the fact, there was a 2.9-fold increase in the fractional excre-
tion of sodium in the obese rats (Table 2), suggestingcollecting duct. In fact, when the densitometry was cor-
rected for hypertrophy (Table 3), we found a significant that this, indeed, is occurring. Recently, Kwon et al have
reported a similar down-regulation of the proximal tu-increase in the abundance of the -subunit of the epithe-
lial sodium channel (ENaC) in the obese rats. bule sodium transport proteins, NaPi-2 and NHE3 in a
rat model of chronic renal failure (5/6 nephrectomized)The marked decrease in proximal tubule apical sodium
transporters in the obese rats likely is a reflection of characterized by markedly reduced creatinine clearance
[36]. In younger non-diabetic obese Zucker rats, we foundglomerulotubular balance. That is, if GFR was beginning
to fall in the obese rats due to the advancement of ne- a significant increase in -1-Na,K-ATPase in the cortex,
with no change in NHE3 or NaPi-2 abundance [33]. There-phropathy, tubular reabsorption of sodium and water in
these sites should be decreased as well [34]. Increased fore, the decreases in NHE3 and NaPi-2 abundance in
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Fig. 8. Correlations of immunoblot densitometries with plasma creatinine levels. Densitometry values derived from each rat for each protein are
plotted individually. For each protein, a regression line was calculated using Sigma Stat. Statistics for the correlations are presented in the text of
the results section. (A) Data from blots of cortex homogenates probed with antibodies against proteins expressed primarily in the proximal tubule.
(B) Data from blots of outer medullary homogenates probed with antibodies against proteins expressed primarily in the thick ascending limb. (C )
Data from blots of whole kidney homogenates probed with antibodies against post-macula densa sodium transporter and channels. (D) Data from
blots of inner medullary homogenates probed with antibodies against proteins expressed in the collecting duct.
these six-month-old obese rats was more likely a result nisms through which NKCC2 abundance might be regu-
lated in this model, for example, via regulation of changesof conditions associated with the development of diabetes,
nephropathy, or worsening hypertension, rather than insu- in the levels of prostaglandins, nitric oxide, angiotensin
II, or sympathetic nerve activity. Increased prostaglandinlin resistance or hyperinsulinemia, since these factors were
present in the younger rats [33]. The molecular mecha- 2 (PGE2) synthesis has been observed in the glomerular
cells from streptozotocin-treated diabetic rats [4]. How-nisms underlying these changes are not known.
Perhaps the most sensitive renal tubule segment with ever, we have shown that NKCC2 abundance is actually
increased by non-selective cyclooxygenase inhibitors,regard to changes in renal transporter abundance was
the thick ascending limb (TAL). Decreased GFR might such as indomethacin [37]. To our knowledge thick as-
cending limb production of PGE2 during diabetes hasdecrease the sodium load to the TAL, and NKCC2 is
one protein for which the abundance appears to be up- not been reported. NOx excretion and circulating levels
of NOx were marginally increased in the obese rats. Turnerregulated by increased sodium load [22, 25]. In contrast
to our findings, however, Kwon et al found an increase et al have shown that infusion of a non-selective inhibitor
of nitric oxide synthase increased the abundance of thein TAL NKCC2 abundance in their rat model of chronic
renal failure [36]. thiazide-sensitive Na-Cl cotransporter, NCC (of the dis-
tal convoluted tubule), but did not affect NKCC2 abun-In addition, there are several other potential mecha-
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Table 3. Densitometry corrected for renal hypertrophy not different in the obese rats relative to the lean, and
thus appeared relatively insensitive to factors relatingProtein Region Avg. C.F. Lean Obese
the diabetes and the development of nephropathy. InNaPi2 Cortex 1.13 1003 767a
NHE3 Cortex 1.13 1007 7612 our younger Zucker rats, the abundance of NCC was
-Na,K-ATPase Cortex 1.13 10010 12012 markedly increased in the obese rats [33]. This increase,
AQP1 Cortex 1.13 1005 935
not apparent in the older obese rats, may “disappear”NKCC2 Outer medulla 1.19 1007 407a
NHE3 Outer medulla 1.19 1004 4817a due to hypertrophy of non-tubule proteins. The mecha-
-Na,K-ATPase Outer medulla 1.19 10010 10218 nism of hypertrophy is not well understood. Ziyadeh
ROMK Outer medulla 1.19 1006 8112
et al have reported that hypertrophy is associated withNCC Whole kidney 1.23 1008 12833
-ENaC Whole kidney 1.23 1006 657a increased deposition of extracellular matrix proteins,
-ENaC Whole kidney 1.23 1008 14913a such as collagen IV, laminin, and fibronectin [10]. In fact,
-ENaC Whole kidney 1.23 10015 13727
when hypertrophy is factored in (Table 3), the absoluteAQP2 Inner medulla 1.29 10011 5213a
AQP3 Inner medulla 1.29 10014 5016a abundance of the -subunit of ENaC was significantly
AQP4 Inner medulla 1.29 10015 553a increased in the obese rats when compared to the lean
UTA1 Inner medulla 1.29 1004 6112a
controls. Up-regulation of -ENaC abundance also was
Values obtained by multiplying densitometry data times the total protein in observed in both the two- and four-month-old obesethat particular kidney or kidney region relative to the average for the lean, that
is, (Density value C.F.). Avg. C.F. is the average correction factor for obese Zucker rats [33]. Therefore, the increase in -ENaC
average mg protein obese/average mg protein lean for the designated kidney abundance probably is not a result of the diabetes orregion or for whole kidney.
a Significantly different (P  0.05) from lean as assessed by unpaired t test nephropathy, but may relate to either hypertension or
hyperinsulinemia, factors present in both young and old
obese Zucker rats. -ENaC protein abundance in rat
kidney has been shown to be increased by alkalosis [26]
dance (abstract; Turner et al, J Am Soc Nephrol 14:A372, and vasopressin [14], and in the high-renin, hypertensive,
1999). In our younger Zucker rats [33], no differences two-kidney, one-clip Goldblatt rat model (abstract; Ter-
were found between lean and obese rats for the abun- ris JM, FASEB J 15:A787, 2001). In contrast, the abun-
dance of TAL transporters. This suggests that, similar dance of -ENaC was decreased in the obese Zucker
to our findings for the proximal tubule, the marked de- rats at six months of age. It appears that this subunit of
crease in transporter abundance at six-months is more ENaC is selectively sensitive to factors relating to the
directly dependent upon factors associated with nephrop- diabetes and/or nephropathy. It is clear from previous
athy, hyperglycemia or worsening hypertension, rather studies that regulation of abundance of the three sub-
than factors associated hyperinsulinemia. units is differential [14, 16, 33]. The physiological rele-
Finally, in addition to influencing sodium balance, de- vance of this differential regulation is not known.
creased abundance of NKCC2 would be expected to de- The collecting duct is of primary importance in con-
crease the urinary concentrating ability of the kidney. centration of the urine by water reabsorption through
We did not observe any differences in basal urine osmo- water channel proteins (aquaporins) along its length. We
lality or in solute-free water reabsorption, indicating, at observed a marked down-regulation of water and urea
least in the basal condition, that these rats could adequate transporters of the inner medullary collecting duct in the
reabsorb water. A urinary concentrating test in which 2 obese Zucker rats. The molecular mechanisms responsi-
nmoles of a V2 selective agonist, dDAVP [1-deamino- ble for this down-regulation are not known.
(8-D-arginine)-vasopressin] was injected intramuscularly Other investigators have shown elevated levels of vaso-
into rats and urine collected after one hour, was per- pressin with Type I and Type II diabetes [44], Moreover,
formed on the rats one week prior to euthanasia (data Nejsum et al showed an increased aquaporin-2 and -3
not shown) [38]. The data, however, proved to be highly abundance in streptozotocin-treated rats, likely due to the
variable (most likely due to glucose in the urine of the apparent rise in vasopressin [45]. We saw no change in
obese rats) and were not helpful. circulating levels of vasopressin and a marked decrease
The post-macula densa regions of the tubule including in the vasopressin-sensitive proteins aquaporin-2 [27, 30],
the distal convoluted tubule and the collecting duct are aquaporin-3 [21, 30] and NKCC2 [22, 25]. This may be
critical in fine tuning of sodium reabsorption or excre- due to the fact that our rats were only marginally diabetic
tion. The regulation of the sodium transporters and chan- and were able to compensate for polyuria by drinking
nels in these renal tubule segments is primarily under more water. Our observed decreases in the abundances
the control of aldosterone [15, 16, 39, 40]. However, of these proteins, therefore, were clearly independent of
other hormones may play some role including insulin circulating levels of vasopressin.
[41, 42] and vasopressin [14, 43]. In our study, in general, Overall, these findings allow us to begin to develop
the abundances of the post-macula densa sodium trans- an integrative picture of how renal salt and water trans-
porters are regulated during the early stages of diabetes-port proteins (outside of the -subunit of ENaC) were
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and functional correlations of renal cyclooxygenase-2 in experi-related nephropathy. The degree of decrease for most
mental diabetes. J Clin Invest 107:889–898, 2001
transport proteins that were affected correlated very well 8. O’Bryan GT, Hostetter TH: The renal hemodynamic basis of
diabetic nephropathy. Semin Nephrol 17:93–100, 1997with an index of glomerular filtration rate, suggesting
9. Tolins JP, Shultz PJ, Raij L, et al: Abnormal renal hemodynamicthat this and associated factors may be primary regula-
response to reduced renal perfusion pressure in diabetic rats: Role
tors of the abundance of these proteins. However, other of NO. Am J Physiol 265:F886–F895, 1993
10. Ziyadeh FN, Hoffman BB, Han DC, et al: Long-term preventionindices of diabetic progression such as HbA1c, protein-
of renal insufficiency, excess matrix gene expression, and glomeru-uria, or glucosuria also might correlate with the regulation
lar mesangial matrix expansion by treatment with monoclonal anti-
of these proteins. This will need to be examined more transforming growth factor-beta antibody in db/db diabetic mice.
Proc Natl Acad Sci USA 97:8015–8020, 2000closely in future studies. We should remark, however, that
11. Lemley KV, Abdullah I, Myers BD, et al: Evolution of incip-regulation of transporter activity can be accomplished by
ient nephropathy in type 2 diabetes mellitus. Kidney Int 58:1228–
means other than regulation of protein abundance, for 1237, 2000
12. Ritz E: Nephropathy in type 2 diabetes. J Intern Med 245:111–instance, phosphorylation and trafficking. Ultimately,
126, 1999with a better understanding of the particular renal trans-
13. Guyton AC: Role of the kidneys in regulation of arterial pressure
port processes that are affected in these early stages, and hypertension, in Textbook of Medical Physiology, edited by
Wonsiewicz MJ, Philadelphia, W.B. Saunders Company, 1991,more focused therapies can be designed to hopefully
pp 205–219reduce hypertension and impede the progress of end-
14. Ecelbarger CA, Kim G-H, Terris J, et al: Vasopressin-mediated
stage renal disease in the human diabetic population. regulation of epithelial sodium channel abundance in rat kidney.
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